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Figure 1. Periodic table of the elements. The rare earth alements comprise 15 elamants, which range in atomic number from 57 to 71, including lanthanum (La) to lutetium (Lu). 
The elements are also commonly referred to as “lanthanides.” Yttrium (Y, atomic number 39} is also typically included with the rare earth elements group because it shares 
_ chemical, physical, and application properties with the lanthanides. | 
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REE 
Lithophile elements (or elements enriched in the 
crust) 


Similar physical and chemical properties 
Occur together in nature 
Classified as metals 


Soft, malleable, ductile and usually quite reactive 
metals 


MP range from 798 to 1663 deg C 
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Light rare earths Heavy rare earths 
La - Lanthanum Eu - Europium Er - Erbium 
Ge - Cerium (ad - Gadolinium Tm - Thulium 
Pr - Praseodymium Tb - Terbium Yb - Ytterbium 
Nd - Neodymium Dy - Dysprosium Lu - Lutetiurn 
Sm - Samarium Ho - Holmium Y - Yttrium 


Figure 2.2: Sub-groups of the rare-earth metals, per industry (not scientific) norms 
(sources: TMR, industry sources). 
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x» In 2010, China announced it would significantly 
restrict REE exports to ensure supply for Chinese 
domestic manufacturing 


x 72% REE export reduction in 2010 

* 35% REE export reduction in 2011 

* Quota reduction officially to curb rampant and 
unregulated REE production over the last few 


years, which has caused significant 
environmental problems 


Ionic radius decreases with increasing number _ 
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OXIDATION STATE 


All REE occur in 3+ state 
Eu also occurs in 2+ state 
+ Substitutes for 2+ cations such as Ca2+ 


Ce also occurs in 4+ state 


ins oluble (B) Examples of Ce and Eu anomalies 


Rock or seawater / chondrites 
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From: Haxel (2005) 
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Figure 1 Relative abundance of rare earths (highlighted in red). Figure courtesy of Gordon Haxel, USGS. 


x Less abundant than rock forming minerals 
x» More abundant than precious metals 
x» Oddo-Harkins rule 


+ greater abundance of even-numbered elements 
relative to their odd-numbered neighbors 
* easily smoothed out by “normalizing” the 
measured concentrations of REEs to some 
reference REE 


+ REE abundances normalized to the primitive mantle 
values 


+. chondritic meteorites 


“The estimated average concentration of the rare 
/ . Wa 
from around 150 to 220 parts per million (table 1), 
exceeds that of many other metals that are mined on 
an industrial scale, such as copper (55 parts per 
million) and zinc (70 parts per million).” 


b] 


“Although rare earth elements are relatively 
abundant in the Earth’s crust, they are rarely 
concentrated into mineable ore deposits.” 


(Long et al., 2010) 


Table 1. Estimates of the crustal abundances of rare earth elements. 


[Rare earth elements listed m order of increasing atomic number: ythrum (1) 1s meloded with these elements because it shares chemucal and physical smulantes 


with the lanthamdes. Unit of measure, parts per mullton] 


| 
| 
——“Rareearth asa Moor 
| (1982) 
Lanthanum 30 
 Cenum 60 
 Praseodynmum 8.2 
Neodymium 28 
Samarium 6 
| 
-=Europium 1.2 
Gadolmum 54 
| Terbium 0.9 
- Dysprosium 3 
| Holmium 12 
Erbium 28 
Thulium 05 
Ytterbium 34 
Lutetrum 05 
Yttrium 33 
Scandmm 22 


Total 206.1 


Jackson and 
Christiansen 
(1333) 

29 
70 
9 
37 
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159.9 


Wedephol Lide 
(1395) (1337) 
30 39 
60 66.5 
67 92 
27 41.5 
53 7.05 
13 2 
4 62 
0.65 12 
38 5) 
08 13 
21 35 
03 0.52 
2 32 
035 08 
M4 33 
16 22 
1843 342.17 


McGill 
(1397) 


3 to 18 
20 to 46 
3.5 to 53.5 
12 to 24 
435 to 7 


0.14 to 1.1 
45 to 6.4 
0.7 to 1 
43to 75 
0.7 to 1.2 


2.5 to 6.5 
0.2 to 1 
2.) to 8 

0.8 to 1.7 
28 to 70 
5 to 10 


At A Glance: Sc 


Atomic Number: 21 
Atomic Symbol: Sc 
Atomic Weight: 44.9559 


Electron [Ar]4s23d1 
Configuration: 


Atomic Radius: 216 pm (Van 
der Waals) 

Melting Point: 1541 *C 

Boiling Point: 2836 °C 


Oxidation States: 3 


Sources: It is widely distributed on 
earth, occurring in very minute 
quantities in over 800 mineral 
species. Uses: High-intensity lights; 
tracing agentin refinery crackers for 


crude oil; highly efficient light source. 


Content provided by Los Alamos 
National! Laboratory, Used with 
permission, 


x 20 kg/yr produce high-intensity 


lights 


x 46Sc used in refinery cracking for 


crude oil 


« Used in mercury vapor lamps 


(resembles sunlight) 


<« Recovered from thortveitite or a 


by-product of U mill tailings 


Atomic Number: 39 


Atomic Symbol: Y 


Atomic Weight: 88.9059 

Electron [Kr]5s24d1 

Configuration: 

Atomic Radius: 219 pm (Yan 
der Waals) 

Metting Point: ae tes Le 

Boiling Point: 3345 °C 


Oxidation States: 3 


Sources: Improves efficiency of fuels; 


microwave and cellular 


communications devices for defense, 


satellites and phones; jet engine 
turbines; laser crystals specific to 
spectral characteristics for military 
communications; red colorin 
televisions and computer screens. 
Yttrium stabilized cubic zirconia 
produces simulated diamonds. 
Uses: VVhile yttrium occurs in nearly 
all of the rare earth minerals, 
ion-adsorption ores provide the bulk 
of the world's Yttrium. Recovered 
commercially from monazite sand, 
which contains about 3%, and from 
bastnasite, which contains about 
0.2%. Analysis of lunar rock samples 
obtained during the Apollo missions 
show a relatively high yttrium content. 


Content provided by Los Alamos 
Nationa! Laboratory, Used with 
Pennission. 


Yttrium Iron Garnets (YIG) are used as 
resonators for use in frequency meters, 
magnetic field measurement devices, 
tunable transistors Gunn oscillators, 
cellular communications devices 


stabilizer and mold former for exotic 
light-weight jet engine turbines and 
other parts, and as a Stabilizer material 
in rocket nose cones 


Other uses 


Recovered from monazite 


At A Glance: La 


Atomic Number: of 

Atomic Symbot La 

Atomic Weight: 136.9055 

Electron [Re)bS25d1 

Configuration: 

Atomic Radius: 240 pm (an 
der ywaals) 

Metting Point: G13 °C 

Boiling Point: a464 °C 


Oxidation States: Z 


Sources: Found in rare-earth 
minerals such as cerite, monazite, 
allanite, and bastnasite. Monazite 
and bastnasite are principal ores in 
which lanthanum occurs in 
percentages Upto 25 percent and 38 
percent respectively. 

Uses:hybrid vehicle batteries, fluid 
cracking catalysts, glass polishing, 
fuel cells. Content provided by Los 
Alamos National Laboratone Used 
With De nrnisalon, 


At A Glance: Ce 

Atomic Number: = 35 
Atomic Symbol (A 
Atomic Weight: 140.12 


EFlectron 
Configuration: 


[Aejes24t1 5d 


Atomic Radius: 235 pm (Yvan der 


Waals) 


Metting Point: 


(iehet UG 


Boiling Pont: eee Alene 


Oxidation al ay 
States: 


Sources: Cerium is the most 
abundant rare earth element. 
Monazite and bastnasite ores are 
presently the more important sources 
of cerium Uses:Pollution control 
technologies such as catalytic 
converters and fuel additives, glass 
polishing and WY shielding, water 
filtration, uorescent lighting. Content 
provided by Los Alamos National 
Laboratory Lised with pennsslon, 


At A Glance: Pr 
Atomic Number: 

Atomic Symbot: el 
Atomic Weight: 140.907 


Flectron 
Configuration: 


[Aejbs24ts 


Atomic Radius: 234 pm (Van 


der vvaals} 


Metting Point: al ee 


Boiling Point: irae ll alee 


Oxidation States: 


Sources: Monazite and bastnasite 
are the two principal commercial 
sources of praseodymium.Uses: 
Paired with neodymium in permanent 
magnets, also Used in photographic 
filters, airport signal lenses, pigment 
in ceramic tile and glass, pollution 
control catalysts. Content proviced by 
Los Alamos Nationa! Laboratory 
Lised With pe nvussion, 


At A Glance: Nd 


Atomic Number: 


Atomic Symbol: 


Atomic Weight: 


Electron 
Configuration: 


Atomic Radius: 


Melting Point: 


Boiling Point: 


Oxidation States: 


Sources: It is presentin significant 
quantities in the ore minerals : 
monazite and bastnasite. Oxidation States: ce earth elements in many minerals, 
Uses: High powered neodymium- 

iron-boron permanent magnets used 


in smartphones, computer hard Sources: Promethium is man-made | Samar! metal can be procucec py 
drives, audio speakers, and many - FeQUCING Ine OXI With lanthanurr. 
other consumer electronics, hybrid and does rot occur in nature. Uses: Used in making permanent 
a Uses: Few k f 
and electric vehicle motors, wind Ses. FEW ROW! USES oO ragnet material that maintains its 
turbine generators, MRI machines, promethiurn. performance at high temperatures, 
and defense equipment; also used in primarily used in defense-related 
lasers and glass production. Contant provided by Los Alamos equipment also used in optical 


Content provided by Los Alamos 
Nationa! Laboratory, Used with 


pennission. 


At A Glance: Pm At A Glance: Sm 


60 7 Atomic Number: A? 
Atomic Number: 
Nd Atomic Symbol sm 
Atomic Symbot: 
144.24 Atomic Weight: 150.4 
Atomic Weight: 
[Ke]6s2414 Electron [Me]as24te 
Configuration: 
Flectron [Me}As 2415 
229 pm (an Configuration: Atomic Radius: 229 pm (van 
der Waals) der Waals) 
4021 °C Atomic Radius: 296 pm (var eo 
der Waalsi Metting Point: Oe! Sis 
3074 °C 7 
z : Boiling Point: eee 
Metting Point: eee 1G : 
3 


Oxidation States: a) a 


Boiling Point: ~3000 "C 
Sources: Found along with other rare 


including monazite and bastnasite, 
which are commercial sources. 


: : Glass, infrared absorbing glass, and 
Netonal Laboratory, Used with lasers. Content provided by Los 


PHeMTUSSION, Ajamos National Laboratory Used 
With Dennusalon, 


At A Glance: Eu 

Atomic Number: a 
Atomic Symbot: Eu 
Atomic Weight: 151.96 


Electron 
Configuration: 


[Me]bs24t? 


Atomic Radius: 233 pm (Van 


der vaals) 
Metting Point: Bie ale 


Boiling Point: | Biss) G: 


Oxidation States: See 


Sources: Bastnasite and monazite 
are the principal ores containing 
europium. Uses: Phosphors in LED 
Screens, compact fluorescent 
lightbulbs, lasers. 

Content provided by Los Alamos 
National Laboraton Used with 

He hrnlsslon, 


At A Glance: Gd 

Atomic Number: 64 
Atomic Symbol: (id 
Atomic Weight: eae ea 


Electron 
Configuration: 


[he]bs 24d 


Atomic Radius: 237 pm (fan der 


Waals) 


Metting Point: le ee ae 


Boiling Point: eh alee 


Oxidation 
States: 


Sources: Hastnasite and monazite 
are the principal ores containing 
gadolinium. 

Uses: Phosphors in television, 
microwave applications, heat 
resistant metals and alloys. 


Content provided by Los Alamnas 
Netonal Laboratory Used with 
bennlssion, 


At A Glance: Tb 


Atomic Number: 65 

Atomic Symbol: Th 

Atomic Weight: 158.9254 

Electron [HeJbs2 4g 

Configuration: 

Atomic Radius: 277 pm (an 
der yvaals} 

Metting Point: {ral a ae: 

Boiling Point: 6) 0210) sue 


Oxidation States: a 


Sources: Terbium is never found in 
nature as a free element, but itis 
contained in many minerals, 
including cerite, gadolinite, monazite, 
xenotime and euxenite Uses: Energy 
efficient Iuorescent lighting, 
magneto-optic recording of data, 
solid-state devices, and fuel cells. 
Content provided by Los Alamnas 
National! Laboratory Used with 
Bernnsslon, 


At A Glance: Dy At A Glance: Ho 


Atomic Number: Atomic Number: Ay 


: Atomic Symbot: Ho 
Atomic Symbol: SM 


Atomic Weight: 164.9304 
Atomic Weight: 162.50 


Flectron [Me] BS? 4T11 
Electron [Me]Gs24f10 Configuration: 
Configuration: 

Atomic Radius: 216 pm tan 


Atomic Radius: 229 pm (van der Waals) 


der vVaals) 
Metting Point: Ae ae: 


Melting Point: 141° Boiling Point: 2700 °C 


Boiling Point: Bybee Oxidation States: 3 


Oxidation States: Sources: Holmium is found in the 
minerals monazite and gadolinite, 


Uses: key additive to NdFeo and is usually commercially extracted 


be as ; : from monazite using ion exchange 
magnets to maintain their magnetic techniques. 


properties at high temperatures, Uses: Holmium is one ofthe least 
consumer electronics. Cantent abundant Rare Earth elements and 
provided by Los Alamos National has few commercial uses. 
Laboratory Used with pennlssion, 


Content provided by Los Alamos 
National Laboratans Used with 
Pernssian, 


At A Glance: Er 


Atomic Number: Ba 


Atomic Symbol: Ei 


Atomic Weight: Eee 
Electron [Hejbs24fl2 
Configuration: 
Atomic Radius: 235 pr (van 
der vWaalsi 
Melting Point: See) 16 
Boiling Point: 2060 CC 
Oxidation States: 


Uses: Fiber optic data transmission, 
lasers for medical and dental uses, 
glass coloration used in sunglasses 
and decorative crystal glassware. 
Content provided by Log 4 foros 
Nettona! Laboratone Used with 
Dpenrnigslan, 


At A Glance: Tm 


Atomic Number: 


Atomic Symbot: 


Atomic Weight: 


Electron 
Configuration: 


Atomic Radius: 


Metting Point: 


Boiling Point: 


Oxidation States: 


Sources: The elementis never found 


64 


Tm 


16o.9542 


[Ae]bs24tl 3 


22 pm (an 
der Vaals) 


1545 °C 


(2b) gue 


oe 


In nature in pure form, but itis found 
in small quantities in minerals with 
other rare earths Uses: Because of 
the relatively high price ofthe metal, 
thulium has not yet found many 
Hractical applicatioans.Cantent 
provided by Los Alamos Nationa! 
Laboratone Used with pernission, 


re 


At A Glance: Yb 


Atomic Number: fall 

Atomic Symbot: Th 

Atomic Weight: 1S 

Electron [MelAs? 4 4 

Configuration: 

Atomic Racius: 2427 om (fan 
der Waals) 

Metting Point: Bia 

Boiling Point: Sle ae, 


Oxidation States: a. 


Sources: A soft silvery metallic 
Blament, yterbium is a rare earth 


element ofthe lanthanide series and 


is found in the minerals gadolinite, 
monazite, and xenotime Uses: 
Improves the grain refinement, 
strength, and other mechanical 
properties of stainless steel. 
Content provided by Los Alanas 
Neatonal Laboratory Used with 
Pernssloy, 


At A Glance: Lu 


Atomic 
Number: 


Atomic Symbok = Lu 


174.97 


Atomic Weight: 


Electron 
Configuration: 


[Xe]6s24f1 45d1 


Atomic Radius: 221 pm (Van der 


Waals) 


Melting Point: 1663 °C 


Boiling Point: 3402 °C 


Oxidation 
States: 


Sources: Found with almost all other 
rare-earth metals but never by itself, 
lutetium is very difficult to separate 
from other elements.Uses: Catalysts 
in cracking, alkylation, hydrogenation, 
and polymerization; detectors in 
positron emission tomography (PET). 
Virtually no other commercial uses 
have been found yet for lutetium. 
Content provided by Los Alamos 
National Laboratory, Used with 
permission. 
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2014 Minerals Yearbook 


RARE EARTHS [ADVANCE RELEASE] 


US.DepartmentoftheImterion Dinero 2016 
U.S. Geological Survey 


https://minerals.usgs.gov/minerals/pubs/commodity/rare_earths/myb1-2014-raree. pdf 


Energy Critical Elements: 


Ga Ge Se 
Gallium Germanium Selenium 
Pd A In Te 
Palladium Silver indium Tellurium 
Pt 
Platinum 
Tb Dy Yb Lu 
Terbium Dysprosium Yiterbium Lutetium 


Securing Materials for Emerging Technologies 
A REPORT BY THE APS PANEL ON PUBLIC AFFAIRS & THE MATERIALS RESEARCH SOCIETY 


“PS, 


physics 


http://www.aps.org/policy/reports/popa- 
reports/loader.cfm?csModule=security/getfileaPagelD=236337 


Congressional 
Research 
Service 


Rare Earth Elements: 
The Global Supply Chain 


Marc Humphries 
Specialist in Energy Policy 


June 8, 2012 


Congressional Research Service 
7-5700 

Www w.crs.g0V 

R417 


CRS Report for Congress 
Prepared for Members and Committees of Congress 


http://www.fas.org/sgp/crs/natsec/R41347.pdf 


Spring 2010 
Industry Study 


Final Report 
Strategic Materials Indusary 


The Industrial College of the Armed Forces 
National Defense University 
Fort McNair, Washington, D.C. 20319-5062 


http://www.ndu.edu/es/programs/academic/industry/reports/201 
O/pdf/icaf-is-report-strategic-mat-2010.pdf 
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Rare Earth Materials in the 
Defense Supply Chain 


Briefing for Congressional Committees 
April 1, 2010 


Page 2 GAO-10-617R Rare Earth Materials tn the Defense Supply Chain 


http://www.gao.gov/new.items/d10617r.pdf 
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of the minerals from which thaywere originally isolated 
(Figures 1 and 2). In contrast REEs are relatively plentiful 
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The lanthanides are commonly divided into: lower atomic 
weight elements, lanthanum through to europium, 
referred to as the light rare earth elemants |LREE) and 

the heavy rare earth elamants (HREE) — gadolinium 
through to lutetium and yttrium (Table 1). Yttrium is 
usually grouped with the HAEE because of its chamical 
similarity. The division is somewhat arbitrary and the tarm 
middle REE (MAREE) is sometimes usad to refer to thosa 
laments between europium to dysprosium (Samson and 
Wood, 2004) The relative abundance of the REE varies 


Unless otherwise stated, copyright of materials 
contained in this raport are vested in NERC. 


BGS © NERC 2011. All rights reserved. Figura 1 Slongate prismatic ferqusonite in anopen 
cavity associated with albit and quartz, Arran, Scotland 
1 Promatiarc te a radioactive starert Photograph: Fergus MacTaggart, BGS © NERC. 
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science for a changing world 


The Principal Rare Earth Elements Deposits of the 
United States—A Summary of Domestic Deposits 
and a Global Perspective 


Scientific Investigations Report 2010-5220 


U.S. Department of the Interior 
U.S. Geological Survey 
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Rare — Elements ErDgeamn 


016 PROJECT PORTFOLIO 


https://www.netl.doe.gov/Fil 
e%20Library/Research/Coal 
/Rare%20Earth%20Element 
s/REE-Project-Portfolio- 
2016.pdf 
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National Energy Technology Laboratory 


e 1970s: Rare earth mineral concentrates. 

e 1980s: Mixed rare earth chemical concentrates. 

e Early1990s: Separated rare earth oxides and 
metals. 

e Late 1990s: Magnets, phosphors, polishing 
powders. 

e 2000s: Electric motors, computers, batteries, 
LCDs, mobile phones. 


Hydrogen Water 


~ ria fa = i 5 : 


REE are so important because each atom of 
these elements Is able to readily give up or 
accept electrons, which is an important property 
required to allow magnets, optics, electronics 
and other applications to work. 


Uses of Rare Earth Elements 


@ Catalysts 

@ Metalluray/Alloys 
@® Ceramics/Glass 
@ Glass Polishing 

@ Other 


Uses in the United States as reported by the United States 
Geological Survey Mineral Commodity Summary, 2017 


Uses of rare earth elements: This chart shows the use of rare 
earth elements in the United States during 2013. Many vehicles 
use rare earth catalysts in their exhaust systems for air 
pollution control. A large number of alloys are made more 
durable by the addition of rare earth metals. Glass, granite, 
marble, and gemstones are often polished with cerium oxide 
powder. Many motors and generators contain magnets made 
with rare earth elements. Phosphors used in digital displays, 
monitors, and televisions are created with rare earth oxides. 
Most computer, cell phone, and electric vehicle batteries are 
made with rare earth metals. 


lj Table 2. Examples of common applications of rare-earth elements. 


Chemical element! 


Application Sc Y La Ce Pr Nd Pm Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu 
Alloys and metallurgical uses x xX X X xX X xX X xX X X X X X X X 
/ Batteries xX X X X X X 
Catalysts xX X X XX X xX x x 
Ceramics xX xX X X X X xX x XX xX X XX X x 
Electronics xX X X XX X x xX x 
Fertilizers x xX x 
/ Glass xX xX X xX X X xX xX X xX X X X X xX xX 
/ Lamps xX xX X X X x x xX xX xX X X 
Lasers xX X X X X X X x xX xX ZX ZX ZZ Z& &Z xX xX 
Magnets x xX X xX X X xX X X 
Medical and pharmaceutical uses x XxX X x xX xX xX xX xX 
Neutron absorption xX xX x xX xX x xX xX 
Phosphors xX X X XX xX xX X X X X X X X xX XxX 


‘The symbols used for chemical elements in this table include the following (in order of atomic number): 

Sc, scandium: Y, yttrium, La, lanthanum: Ce, cerium: Pr, praseodymium; Nd, neodymium; Pm, promethium: 
Sm, samarium; Eu, europium: Gd, gadolinium; Tb, terbium; Dy, dysprosium; Ho, holmium; Er, erbium; 

Tm, thulium; Yb, ytterbium; and Lu, lutetium. 


USES AMAA 
x Chemical—unique electron configuration 
x Catalytic—O storage and release 


x Magnetic—high magnetic anisotropy and large 
magnetic moment 


x Optical—fluorescence, high refractive index 
x Electrical—high conductivity 
x Metallurgical—efficient H storage in REE alloys 


REE can not be substituted in most applications 


_ USES THAT DEPEND UPON VALENCE \ 


AND SIZE 


Mixed rare earths 
Petroleum cracking catalyst (also La, Ce) 
Mischmetal 
lighter flints 
alloy additive 


——SSSSEE 


Individual rare earth elements 
Nickel-metal(La)-hydride batteries 
Alloying agent (La, Ce, Nd, Y) 


Permanent Magnets 
Nd, Pr, Sm, Dy 


USES THAT DEPEND ON 4f ELECTRONS 
|] Phosphors 

/ Eu (red, blue) 

/ Tb (green) 

fluorescent lamps 

optical displays (TV, etc.) 


Fiber optics 
Er 


USES THAT DEPEND ON THE ABSENCE 
OF ELECTRONIC TRANSITIONS IN UV, 
OPTICAL AND IR WAVE LENGTHS 


Optical lenses 
La, Gd, Lu 

Phosphor hosts 
Y, Gd 


Artificial gem stones 
bi 


°**5 THAT DEPEND UPON VALENCE | 


Yj CHANGES 


Ces* <> Cet Afi<> 4f 
Automotive 3-way emission catalysts 


UV light absorption 


Polishing compounds 


CLEAN ENERGY AMAA 


Pave) e)|fer-1 tle) at Typical Quantity of | 
REO per unit 


Grams Compact 
Fluorescent Lights 


Traditional — disc 
drives, personal 
electronic devices, 
etc. 


Hybrid and electric 
vehicles — direct 
drives and electric 
assist motors 


Kilograms 


Direct Drive Wind 
Turbines 


Metric Ton 


http://www.reitausa.org/storage/Challenges%20Facing%20New%20Global%20Rare%20 
Earth%20Separation’%20Plants. pdf 
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GLASS AND MIRRORS 
| Ti POLSHING POWDER 
DIESEL FUEL ADDITIVE \ Calm eos 
:: ci a | - Europa 
Lacie a my 
a —_ Carkim 
| COMPONENT SENSORS 
eS TT 
HYBRID NiMH 
BATTERY 
= [Lantha 
an | HYBRID ELECTRIC 
Pa MOTOS™ AND GENERATOR 
j = Prseodymium 
CATALYTIC CONVERTER _-— Dyspreas 
> Conum | Zrcorum Tertius 
- Lartraruire Li | 
754 ELECTRIC MOTORS HEADLIGHT GLASS 
THROUGHOUT VEHICLE -INeodyreiuen 
- Nd Magnets 


Toyota Prius 
2.2 lbs Nd in magnets 
22-33 lbs La in batteries 


http://www.molycorp.com/hybrid_ev.asp 


ENABLING DIGITAL 
TECI 


Demand of Rare Earths for Phosphors and Polishing 
Powders: 


Tonnes per 
annum 


AAGR is the Annual Average Growth Rate 


Disk Drives 
2 <a - ae 


http://www.lynascorp.com/Pages/what-are- 
rare-earths.aspx 


Elements in Computer Chips 
(National Research Council, 2007) 


[lj elements needed in 1980s 
[4 | | _] additional elements needed today 
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IMPROVING ENERGY EFFICIENCY 


mie @g-lediale 
Catalyst 


Fluid Cracking Catalysts (FCC) are 
used in the refining operation of crude 
oil and is the major contributor to 
“value-add” in the refining process. 
The process enables the 
transformation of heavy molecules 
into lighter compounds that make up 
gasoline and other fuels such as gas, 
jet fuel and diesel. 


Compact Fluorescent 
Light 


C 


Application 
Magnets 


LaNiH Batteries 


Phosphors 


Fluid Cracking 
Catalysts 


Polishing 
Powders 


Auto Catalysts 
Glass Additive 
Fibre Optics 


Rare Earths 


Nd, Pr, Sm, Tb Dy 


La, Ce, Pr, Nd 


Eu, Y, Tb, La, Dy, 
Ce, Pr, Gd 


La, Ce, Pr, Nd 


Ce, La, Nd 


Ce, La, Nd 
Ce, La, Nd, Er 


Er, Y, Tb, Eu 


Drives for computers, mobile phones, mp3 players, cameras. 
Hybrid vehicle electric motors. Electric motors for luxury 
vehicles. Mag-lev trains. 


Hybrid vehicle batteries. Hydrogen absorption alloys for 
re-chargeable battenes 
LCDs. POPs. LEDs. Energy efficient fluorescent lights/lamps. 


Petroleum production — greater consumption by ‘heavy’ oils and 
tar sands 


Mechano-chemical polishing powders for Ty's, monitors, mirrors 
and (in nano-particulate from) silicon chips. 


Tighter NOx and SO2 standards — platinum is re-cycled, but for 
rare earths it is not economic 


Cenum cuts down transmission of uv light. La increases glass 
refractive index for digital camera lens. 


Signal amplification 


SOLAR POWER OUTPUT VS SOLAR SPECTRUM 


en aeepemenemnenen 

[5 Sunlight total power spectrum (100%) 
1.6) 2 28% theoretical limit for single juntion silicon ~ 
a > 21% efficient silicon solar cell in sunlight 

Light absorption in rare-earths 
nl — Terbium 
1.0: — Dysprosium 
— Thulium 

OB: — Erbium 
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Power Output (Watts nm”! m*) 
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visible ~Sunlight Wavelength (nm) 


Conventional Silicon solar cell conversion limited to a small window of solar photon energies close to 
tha band-gap energy of silicon — single junction limitation 


Using patented ‘rare earth oxide’ materials — conversion efficiency increased by harnessing a far 
greater fraction of available energy in the solar spectrum 


http://www.australianrareearths.com/what-are-rare-earths.html 


China: world’s leading consumer? (Brown, 2005). 


Cell phones — 7 million (1996) to 269 million 
(2003) in China vs. 44 million (1996) to 159 
million (2003) in the United States. 


Personal computers and laptops in 2002 
— 36 million in China vs. 190 million in the 
United States, but China’s number doubles 
every 28 months. 


Televisions — 3/74 million in China vs. 243 
million in the United States in 2000. 


Refrigerators — China surpassed the United 
states in 2000. 


Cars — 24 million in China vs. 226 million in 
the United States in 2003. 
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REE Process 


Crusher 


Ore is crushed 
into gravel size 


Alloy 


v 


Metals are * 
combined to Oxides are 
create alloys turned into 
metals 


High tech applications 
There are hundreds of 
high tech applications for 
REE. 


Mill Floatation Process 
Gravel is Mineral containing 
milled into silt REE is extracted 
i.e.: Bastnaesite 
Monazite 
xenotime 


Separation Process 
REE is separated 


REE is first from mineral 


separated 
as an oxide 


Green energy 

Hybrid electric vehicles 
Water treatment 
Defense 

High tech 


Diagram 1 


in 2010 and in material containing rare-earth metals that was imported into the United States in 2010. 


[Estimates are rounded to two significant figures. t, metric tons: dashes (--), no data; Do., ditto.;: LED, light-emitting diode; OEM, original equipment manufacturer. 
Rare-earth oxides: CeO», cerium oxide; Dy203. dysprosium oxide; Er,O3, erbium oxide; Eu,O3, europium oxide: Gd)O3. gadolinium oxide; La)O3, lanthanum oxide: 
LuO3, lutetium oxide; Nd,O3. neodymium oxide; PrgO;;. praseodymium oxide; Sm O03, samarium oxide; Tb,O7, terbium oxide; Y,O3, yttrium oxide] 


= = Product CeO. Dy203 Er203 Eu203 Gd203 LazO;  Lu203 Nd203;  PreQi Sm203; ThsO7 Y203 —— : 
application rare-earth oxides 


Mass of compound in manufactured products that entered service in 2010, in metric tons 


Alloys Zinc-based 5.6 -- - - - 24 - _- = a8 as oe = 
coatings for light- 
gage steel 


Batteries Electric and = = = -- 4,000 sss a = es & Ss zs 
hybrid vehicles 
Catalysts Automotive 1.400 _ - = = = = ae i se = = 
catalytic 
converters 
Do. Fluid catalytic 210 - - = = 3.400 a 640 = 25 es 53 baa 
cracking (FCC) 
catalysts for 
petroleum 
refining 
Magnets Automotive - 45 - - - - a 76 = = = = om 
(general 
applications) 
Do. Cell phone and - = = - -- ae es 86 42 = = a = 
other mobile 
devices 
Do. Electric and - 40 - - - - = 300 = a a a a 
hybrid vehicle 
motors 
Do. Electronic power - ce a - = a = 26 17 a = Ps a 
steering in 
vehicles 
Do. Extemal disc - _ - a ie = = 61 42 = = a = 
drives for servers 
Do. Game consoles -- aoe a = ae = 64 45 = a = = 


Do. OEM speakers in = = as = = aa ze 7 5 s = aa = 
vehicles 

Do. Personal - - - - - -- - 440 30 - -- - - 
computers and 


laptops 


/MUCH REE ARE NEEDED? 


Table 3. Estimated weight (in metric tons) of rare-earth oxides contained in selected manufactured products that entered service in the United States 
in 2010 and in material containing rare-earth metals that was imported into the United States in 2010 —Continued 


[Estimates are rounded to two significant figures. t, metric tons: dashes (--), no data: Do., ditto.; LED, light-emitting diode; OEM, original equipment manufacturer. 
Rare-earth oxides: CeO», cerium oxide; Dy)03, dysprosium oxide; Er,O3, erbium oxide; Eu,O3, europium oxide; Gd)O3, gadolinium oxide; La)O3, lanthanum oxide: 
Lu)O3, lutetium oxide: Nd.O3. neodymium oxide: PrgO,;. praseodymium oxide; Sm)O3. samarium oxide: Tb,O7, terbium oxide: YjO3. yttrium oxide] 


application rare-earth oxides 


Mass of compound in manufactured products that entered service in 2010, in metric tons—Continued 
Phosphors Fluorescent 130 -- - 50 -- 200 -- -- -- -- 56 740 - 


Phosphors and LED televisions? —0.0057 _ —_ 0.0049 _ - - - - - _ 0.11 - 
diodes 
Solutions Imaging contrast -- - -- - 23 to 70 - -- -- - -- -- -- - 
dye 
TOTAL 1,700 45 50 23to70 7,600 1,700 50 56 740 = 


Uy 
Y — Product CeO: DysOs EO;  Eu0;  Gd0s ~—LazOs_-—LusOs_--Nd2OsPreOr. «S203. Thu, Y20;:~—=«Undetermined 


Mass of compound in materials imported in 2010, in metric tons 


Catalysts, Imported refined 3,600 25 33 25 80 7.900 27 590 94 8.8 42 670 1,500 
electronics, fuel metal and oxides. 
additives, glass. impure, and 
imaging intermediate 
contrast dyes, products** 
magnets, 

nuclear fuel 

rods. phosphors. 

polishing 

powders. and 

others 


‘Includes only GALFAN®, which contains approximately 0.1 percent rare-earth oxide in a hot-dip coat that makes up about 2 percent of the total weight of the steel. 
"Includes phosphors used in tube-type and compact fluorescent lights. 


3Estimates are based on the number of LED televisions sold in the United States in 2010 and assumes a 42-inch screen. 


“Some material may be exported in various forms. Estimate does not include finished products, such as contrast dye. 
Based on United Business Media Global Trade Port Import/Export Reporting Service (PIERS) data for 2010. 


°Based on limited data. The material was assumed to be bastnisite and was estimated to contain 740 t CeO», 510 t LaxO3. 170 t Nd,O3; 62 t PreO;;, and a small 
amount of other rare-earth oxides. 


PRODUCTION 


Salient Statistics—United States: 2012 
Production, bastnaesite concentrates 3,000 
Imports:? 
Compounds: 
Cerium compounds 1,390 
Other rare-earth compounds 3,400 
Metals: 
Ferrocerium, alloys 276 
Rare-earth metals, scandium, and yttrium 240 
Exports:? 
Compounds: 
Cerium compounds 996 
Other rare-earth compounds 1,830 
Metals: 
Ferrocerium, alloys 960 
Rare-earth metals, scandium, and yttrium 2,080 
Consumption, estimated 15,000 
Price, dollars per kilogram, yearend:° 
Cerium oxide, 99.5% minimum 10-12 
Dysprosium oxide, 99.5% minimum 600-630 
Europium oxide, 99.9% minimum 1,500—1,600 
Lanthanum oxide, 99.5% minimum 9-11 
Mischmetal, 65% cerium, 35% lanthanum 14-16 
Neodymium oxide, 99.5% minimum 75-80 
Terbium oxide, 99.99% minimum 1,200—1,300 
Employment, mine and mill, annual average zis 
Net import reliance* as a percentage of 
estimated consumption 80 
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https://minerals.usgs.gov/minerals/pubs/commodity/rare_earths/mcs-2017-raree. pdf 


Mine production® Reserves” 


2015 2016 

United States 5,900 = 1,400,000 
Australia 12,000 14,000 °3 400,000 
Brazil 880 1,100 22,000,000 
Canada — — 830,000 
China 405,000 7405,000 44,000,000 
Greenland — — 1,500,000 
India 1,700 1,700 6,900,000 
Malaysia 500 300 30,000 
Malawi — — 136,000 
Russia 2,800 3,000 18,000,000 
South Africa — — 860,000 
Thailand? 760 800 NA 
Vietnam® 250 300 22,000,000 
World total (rounded) 130,000 126,000 120,000,000 


World Resources: Rare earths are relatively abundant in the Earth’s crust, but discovered minable concentrations 
are less common than for most other ores. U.S. and world resources are contained primarily in bastnasite and 
monazite. Bastnasite deposits in China and the United States constitute the largest percentage of the world’s rare- 
earth economic resources, and monazite deposits constitute the second largest segment. 


Substitutes: Substitutes are available for many applications but generally are less effective. 


https://minerals.usgs.gov/minerals/pubs/commodity/rare_earths/mcs-2017-raree. pdf 


Operating REE Mines 


USGS OF2011-1189 


China 


There are about 24 Chinese rare earth mining companies and 100 rare earth enterprises for 
separating, smelting and refining in China (Schiler et al. 2011). The Chinese industry is undergoing 
consolidation — mergers and acquisitions by large companies and the closing of small plants. 
Important rare earth mining companies in China are: 


Companies in China Share of world production [%] 
Baotou Iron and Steel and Rare Earth Co. (Baogang Group) ~ 40 
Minmetals Ganzhou Rare Earth Co. Ltd. ~ 25 
Guangdong Zhujiang Rare Earths Co., Ltd. ~4 


Hezhou Jinguang Rare Earth New Materials ~2 
Shanghai Yaolong Nonferrous Metals Co. ~1.5 
Jiangxi Rare Earths Co. (<1%) <1 
Aluminum Corporation of China Limited (Chinalco 


Important rare earth mining companies apart from China are: 


Companies Share of world production [%] 
Molycorp Minerals LLC (Rare Earths Acquisitions LLC) (USA) 1.4 


Lovozerskaya GOK (Russia) 1.4 
Indian Rare Earths Limited (India) <1 
Industrias Nucleares do Brasil (INB) (Brazil) 


« Rare Earth Elements 
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Figure 7 
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Map showing the global distribution of REE deposits. 
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REE - Rare Earth Elements and their Uses 


The demand for rare earth elements has grown rapidly, but their occurrence in minable deposits is limited. 
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Rare Earth Element Production: This chart shows a history of rare earth element production, in metric tons of rare earth oxide 
equivalent, between 1950 and 2016. It clearly shows the United States’ entry into the market in the mid-1960s when color television 
exploded demand. When China began selling rare earths at very low prices in the late-1980s and early-1990s, mines in the United 
States were forced to close because they could no longer make a profit. When China cut exports in 2010, rare earth prices 
skyrocketed. That motivated new production in the United States, Australia, Russia, Thailand, Malaysia, and other countries. In 2016, 
rare earth production in the United States stopped as the only remaining mine was put on care and maintenance. 


Ytterby mine, Sweden 
Photo: Wikipedia | 


Capacity Start Up 
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http://www.australianrareearths.com/image 
s/rees-by-company-country-ex-china. gif 


Global Rare Earth Deposits 

Owner Status In-situ TREO HREC 
Rangenkkurede bectowi =| lint 25m O70 
Steenkampskraal = Sth Africa Csi Hist O.dnnat #7, b2S 
Hoides Loke Canada i hind + int 2.9rnt 68,400 
Eco Ridge Canada inetd 47 arnt ii 82 
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DEMAND 


NOT ALL REE ARE EQUAL 
AND 


GOOD SUBSTITUTIONS FOR REE USED IN 
MODERN TECHNOLOGY DO NOT EXIST 


Global demand for rare earths 
by end-use in 2012 


World: Demand for rare earths 
by end-use, 2012 (%) 
= Metallurgy 


* World ‘official’ production of REO 
~110,000t in 2012, 85-90% in a 
China Lay a Catalysts 
m Polishing 
* World demand ~120,000t in 2012, 120,000 u Glass 
65-70% in China ™Phosphors 
ww m Ceramics 
Source: Roskill estimates 
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Demand for rare earths by element in 2012 


Ce 
Other HREEs Pr Other HREEs polishing, metallurgy, 
magnets, lasers, phosphors, 5% 3% catalysts, glass, phosphors, 
glass, metallurgy, other ceramics, other 
T% 
Pr La 
magnets, phosphors, desea catalysts, glass, 
ceramics, metallurgy, Nd P pi pit a 
polishing, other 18% pose. See 
: Nd 
phosphors, ceramics, magnets, ceramics, 
other metallurgy, glass, catalysts, 


phosphors, other 


Source: Roskill estimates 
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Forecast Rates of Growth 2010-2020 
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3-5%pa_ 
Negligible 


7-10%pa 


§-12%opa 


10-15%pa 


6-10%opa 
6-8%opa 
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“3-5%pa 
Negligible 


8-12%pa 


10-15%pa 


3-6%opa 
4-8%opa 
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| Growth rate unchanged through the decade. 


Negligible growth rate as use in television and computer 
screens falling off rapidly. 

Until recently growth was forecast at 4-6%pa, but with 
increasing use in nano-particulate polishing powders for 
the electronic industry growth has been strong. 

From 2010 to 2015 growth will be driven by the use of 
NiMH battenes in hybnd vehicles. IMCOA is of the view 
that meaningful substitution of hybrids by electnc vehicles 
driven by LHon battenes will not occur before 2015/16. 
The real driver of demand in the next decade; price 
and availability a constraint. Could be greater than the 
indicated forecast if more of the rare earths used in 
permanent magnets were to become available. 


New lighting devices under development use less rare 
earths, even though television and computer screens are 
getting bigger and being replaced more often. 

Steady growth rates at historic rates. 

Baring the development of a new application with a high 
demand; steady growth rates at histonc rates. Use of 
gadolinium for refrigeration is included. 


FORECAST DEMAND FOR RARE EARTHS APPLICATIONS* 


Application of separated Rare Earths products elie 
Neodymium Rare Earths magnets 49,600 
Nickel Metal Hydride battery alloy 32,500 
Metallurgy applications excluding NiMH 12,700 
Automotive catalytic convertors 12,200 
Fluid Cracking Catalyst in oil refining 24,900 
Glass polishing powder 20,600 
Glass additives 7,800 
Phosphors for lighting 10,800 
Others 6,100 
Total 177,200 


* Forecasts are based on Lynas’ current expectations and they are not guarantees of future events. 


http://www.lynascorp.com/SiteCollectionDocuments/Fact™%20Sheets/Rare_Earth_A 
pplications. pdf 
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Key demand drivers and growth outlook 


Sub Segments Growthrate overGDP Rare Earths used 


FCC 
Catalysts 
Material 


NiMH Batteries 
Magnets 


Autocat 
Oxygen Sensors 
Magnets 
Batteries 


Phosphors 
RE Silicides 
Polishing 


Materials 
Phosphors 


Magnets 
Crystals 
Material 


Niches 


+2% 


+10-15% 
+25-30% 


+6-8% 
0% 
+20-25% 
+20-25% 


+5% 


+10-15% 


+2-5% 

+5-10% 
0% 
0% 


+5-10% 
+10-15% 
+10-15% 


La 
Ce 
Gd 


La, Nd 
NdPr 


Ce 
Y 
NdPr, Dy 
La, Nd 


Eu, Tb, Y, Ce, La 


CeLa 


CeLa 
La 
Eu, Tb, Y, Ce, La 
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Looming crisis - Rare Earths supply will be 
outstripped by demand; 115kt REO in 2010 


CHINESE SUPPLY SOURCES 
(2010 CAPACITY, REO) 


Baotou 
» By product of iron ore mine 
#® Moving to higher grade iron, with 
lower impurities and Rare Earths 
« Tailing facilities near capacity 
Sichuan 
» Jiangxi Copper to invest ¥1.2Bn 
» Target to increase value added 
=» Capacity expected to increase 
lonic clay regions 
» Reportedly 14 yrs of resource 
» Large amount of illegal mining 
» Government action taking effect 
Recycling 3,300t 


55,000t 


10,000t 


35,000t 


Total 103,300t 


a 
ZERO * \'s 


NON CHINESE SUPPLY SOURCES 
(2010 CAPACITY, REO) 


India 3,000t 
* Subsidiary of Indian AEA 
* Toyota Tsusho bought trading 
firm with Japanese distribution 
Russia 4,000t 
» Limited expansion capacity 
« By product of Mg production 
Recycling 1,500t 
» Magnet swarf 
= Batteries — future potential 
USA — Mountain Pass 3,000t 
«= Reprocessing stockpiles 
» Requires approx. 
US$530 million rebuild 


Total 11,500t 


Source: Industry resources and Lynas research 
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Our assumptions show global supply at 1/70kt by a - 
2014, compared to demand of 190kt Eg ig 


2014 FORECAST SUPPLY ASSUMPTIONS 


SUPPLY SOURCES 
Baotou 60,000t 
Sichuan 20,000t * Baotou — 10% production increase 2010 / 2014 
lonic Clay Regions 30,000t * Sichuan — full production quota to be utilised 


Recycling in China 4 000t * Iconic Clay — 2010 reduced from 2008 reported 
China Total 114,000t levels due to news reports. 2014 reduced to 
double current production quota (conservative 
Mount Weld 22,000t estimate, could be lower) 


Mountain Pass 20,000t * Mountain Pass — full production (20,000tpa) 
Others (India & Russia) 12,000t achieved 


Recycling outside China 1,800t * Recycling — 20% Nd, Pr & Dy recycled from 
Outside China Total 55.800t previous year’s magnet production (~30% 


SWARF losses) 
Grand Total 169,800t 


~ 
~ 
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KEY UNDERLYING ASSUMPTIONS 


Table 1.2: Range of projected surpluses / deficits for select REOs 


2011p 2012p 2013p 2015p 2016p 2017p 


VV¥ vWvWvvYv 
VVVY VVY 
Y Vv 


O Vv 
Vv 


Supply as % demand: X X = 50-74% : X = 75-94% : O = 95-105% : uv = 106-125% :v vw = 126-150% :w~ vw Y= 151% 


CREO = oxides of Nd, Eu, Tb, Dy & Y Source: TMR estimates / projections 
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Prices are for pure oxides from a leading rare earth elements chemical producer 
in 2009. Pm (prometheum) is not shown because it does not occur in nature and 
is hot commercially available. 

REO: rare earth oxide. 

USD-kg: United States Dollars per kilogram. 


USGS 
OF2011-1189 


ECONOMICS REE 


RARE EARTH ELEMENT S— 
MINERALOGY 


x 2/0 minerals 

x Bastnaesite LnFCOs 

WAN Orel t|tcePatoy-1010m0)6)p0 (0) Kel Mind ml mt 
Cas(PO.)3(OH,F,Cl) 

x monazite 500,000 ppm total REE 
(Ln, Th)PO. 

x manganese nodules 99,000 ppm total 
REE 


TABLE 2 
BARE EARTH CONTENTS OF SELECTED SOURCE MINERALS! 


(Percent of nial ranean eae) 


http://minerals.usgs.gov/m 
inerals/pubs/commodity/ra 
re_earths/myb1-2012- 


Total 100 700 Tia 1s 
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Rare Earth Element Minerals & Deposit Types 


Formula Carbonatite Alkaline Placer Phosphorite 
Intrusion- 
Related 


Group- 
Mineral 


Oxides 
Aeschynite (Ln,Ca,Fe)(Ti,Nb),(O,OH), 
Euxenite (Y,Ln,Ca)(Nb,Ta,Ti),(O,OH), 
Fergusonite YNbO, 
Carbonates 
Bastnasite (Ln,Y)CO,F 
Parisite Ca(Ln),(CO,),F, 


Synchisite Ca(Ln,Y)(CO,),F 

Tengerite Y,(CO,),¢n(H,O) 
Phosphates 

Apatite (Ca,Ln),(PO,),(OH,F,Cl) 

Monazite (Ln,Th)PO, 

Xenotime YPO, 


Silicates 
Allanite (Ln,Y,Ca). (Al, Fe3*),(SiO,),(OH) 
Eudialyte Na,(Ca,Ce),(Fe?*,Mn2+,Y)ZrSi,0,,(OH,Cl), 
Thalenite Y,Si,O, 


Zircon (Zr,Ln )SiO, X 


mz USGS Ln: Lanthanide (a.k.a. REE) 


sclence fey # charaiag work! 


REE ORES 


eREE ores contain all rare earth elements 
except Pm 
eThere is no shortage of REE ores 
Most rare earths are not rare 
eMost ores are rich in Ce, La, Nd and Pr 
eThe rare earths are chemically very 
Similar 
eProducers try to balance supply and 
demand 
And are rarely successful! 


production consumpt ion 
2009 mt 2009 rr 


22, 400 


Inner 
Mongolia 


California 


Australia 


Australia 
NW 
Territories, 
Canada 
Laborador, 
Quebec 


48,000,000 6 Carbonatite 
and/or Fe 
oxide-Cu-Au 

1,800,000 8.9 Carbonatite 


1,700,000 11.2 Carbonatite 
laterite 
700,000 0.86 trachyte 
1,547,000 0.41 Alkaline rock 


440,000 0.85 Alkaline rock 


Tonnage 
(metric tons) 


Reserves—Proven and probable 


13,588,000 


10,678,000 


18.000.000 
34,100,000 
5,800,000 
39.400.000 
46,000 


100.000 
14,700,000 
2.424.000.000 
500.000 
9.000.000 


50,000 
2.400.000 
600.000 
10,000,000 
13,957,000 


Grade 
(percent TREO) 


8.24 


Resources—tnferred 


3.60 


Resources—Unclassified 


0.08 


0.48 
1.22 


2.95 


0.05 
0.42 
0.40 
0.33 
0.9 


8.6 


12 


Contained TREO 
(metric tons) 


1,120,000 
384,000 
14.400 
164,000 


70,800 


1,400 


50 


Source 


Molycorp, Inc. (2010). 


Noble and others (2009). 


Osterwald and others (1966). 
Keyser and Kennedy (2007). 
Staatz and others (1979). 
Molycorp. Inc. (1986). 

Jackson and Christiansen (1993). 


Staatz and others (1979). 
Jackson and Christiansen (1993). 
Staatz and others (1979). 

Staatz and others (1979). 
McKeown and Klemic (1956). 


Jackson and Christiansen (1993). 
Jackson and Christiansen (1993). 
Grauch and others (2010). 
Klemic and other (1959). 
Jackson and Christiansen (1993). 
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100 
Size (million metric tons) 


© carbonatite 


B alkalic igneous rocks 


hydrothermal Fe- 
oxide deposits 

Gg Other igneous-related 
deposits 


A metamorphic deposits 


1,000 10,000 


GRADE AND SIZE (TONNAGE) OF SELECTED REE DEPOSITS, 
USING DATA FROM ORIS AND GRAUCH (2002) AND RESOURCES 
DATA FROM SCHREINER (1993) AND JACKSON AND 
CHRISTIANSEN (1993) FOR THE GALLINAS MOUNTAINS, 
DEPOSITS IN BOLD ARE LOCATED IN NEW MEXICO. 


